We have studied the characteristics of longitudinal-optical-phonon-plasmon coupled (LOPC) mode by using the ultrashort pulsed laser with 45 THz bandwidth as a function of thickness in InAs epilayers, ranging from 10 to 900 nm. We have observed the LOPC modes split into the upper (L + mode) and the lower (L − mode) branches only in the classical scale, but the longitudinal-optical (LO) phonon peak was persistently observed. The shorter decay time of the plasmon-like L + modes rather than the phonon-like L − modes should be associated with carrier-carrier scattering which is further considered with diffusion properties in the low-gap semiconductors. This result leads to that the absence of the LOPC modes in a scale less than exciton Bohr radius manifests the role of electron diffusion rather than the carrier screening via drift motion in surface depletion region.
INTRODUCTION
Phonons, i.e., collective vibrations in a lattice, are one of the most often found quasi-particle involved in electrical, thermal, and optical phenomena in condensed matter. Investigations of coherent-phonon generation mechanisms in bulk and quantum-confined semiconductors have been made possible in the last two decades and identified as either displacively coupled type, as in the case of above-the-gap excitations, 1 or impulsively coupled type via impulsive stimulated Raman scattering (ISRS) in transparent materials. 2 For example, both bulk GaAs under the above-the-gap excitation condition and semimetals such as Sb, Bi, and Te show displacive screening mechanism in nature. 3 4 The corresponding phase of the so-called displacively excitation of coherent phonons (DECP) is known to be cosine-like in contrast to the sine-like one in the case of ISRS.
In polar semiconductors, excitation by ultrafast laser pulses triggers the coherent lattice vibrations based on the potential screening in the depletion layer sometimes simultaneously with the collective motion of electrons which is called as plasmon. In n-doped GaAs, coherently excited * Author to whom correspondence should be addressed.
phonon-plasmon coupled modes have been observed under the excitation of femto-second laser pulses. 5 Accordingly, the coupled modes between the plasmon and the longitudinal optical (LO) phonon split into a lower and an upper branch, the L − and the L + modes, respectively. The frequency variation and anti-crossing behavior of those two branches of the LO-phonon-plasmon coupled (LOPC) modes as a function of doped or photo-excited carriers have been both theoretically and experimentally established. 3 6 While controlling the lattice vibrations have emerged as challenges faced by the semiconductor physics community, 7 influences of transport properties such as diffusion coefficients and mobility on phonon-related phenomena are still not completely understood even in bulk materials. Particularly in the narrow-gap semiconductors such as InAs, an effective charge separation in the direction perpendicular to the surface due to the large diffusion coefficient difference between electron and hole (or photoDember effect) plays a key role in carrier transport which is further enhanced with large excess carrier energy and short absorption depth. In this study, in order to characterize the influence of transport phenomena on the formation of the LOPC modes, we have experimentally investigated amplitudes and phase changes of coherent optical phonons as a function of active layer thickness which ranges from 10 nm (smaller than exciton Bohr radius) to 900 nm (larger than diffusion length of about 400 nm, considering the measured value of mobility).
EXPERIMENTAL DETAILS
We performed reflective electro-optic sampling (REOS) in InAs epilayers. A mode-locked Ti-sapphire laser was used to generate pulses with 15 fs duration at the center wavelength of 800 nm. This ultrafast laser pulse enables us to resolve frequency components up to 45 THz. The linearly polarized probe beam monitors REOS signal R/R which is induced by the perpendicularly polarized pump beam. The photo-excited carrier density was estimated to be about 4 × 10 18 cm −3 (much larger than the n-type doping density of about 6 × 10 16 cm −3 , considering the pump beam power (50 mW focused onto 50 m) and absorption depth (∼ 140 nm). 8 As shown in Figure 1 , InAs epilayers have been grown on GaAs substrate (∼ 300 m) along the [100] direction. The InAs layer thicknesses were 10, 20, 70, 370, and 900 nm. The samples could be classified into two groups: Group A has thickness of 10 and 20 nm which is thinner than exciton Bohr radius of 36 nm. 9 Group B has thickness of 70, 370, and 900 nm which was thicker than exciton Bohr radius. A 2.2 mthick AlAs 0 32 Sb 0 68 buffer layer with larger bandgap of 1.8 eV was inserted between InAs epilayers and GaAs substrate for reducing the lattice mismatching so that the photo-excited carriers are concentrated within InAs layers. With sample thicknesses, the electron mobility, estimated from Hall measurements, monotonically increased from 6 × 10 2 to 8 × 10 3 cm 2 /Vs, leading to increasing diffusion length from 80 nm (in 10 nm-thick sample) to 400 nm (in 900 nm-thick sample). 10 We ignore the lateral diffusion in our experimental condition due to the large ratio of spot size to diffusion length. phonon density increases monotonically with thickness. The beating features in Figure 2 (a) are due to the coexistence of the LO phonon (∼ 7.2 THz in our samples) and the LOPC modes. As shown in Fourier transformed spectra in Figure 2 (b), the LOPC modes were revealed at the higher frequency side (L + with about 28 THz) and the lower frequency side (L − with about 6.5 THz) only in the Group B. Considering the photo-excited carrier density of 4 × 10 18 cm −3 and the transverse optical (TO) phonon frequency in InAs (∼ 6.5 THz), the L + and the L − mode coincide with the plasmon frequency and TO phonon frequency in the high-density limit, respectively. 11 Figure 3 shows the results from wavelet analysis of the oscillatory parts in REOS for (a) Group A and (b) Group B. The most intriguing feature in group A as shown in Figure 3 (a) was the absence of the LOPC modes whereas the LO phonon peak was persistent with slight frequency change which could be associated with interfacial strain. 12 In Group A which was thinner than the exciton Bohr radius (∼ 36 nm) and the absorption length (∼ 140 nm), we could further observe estimated LO phonon frequencies from GaAs and AlAs 0 32 Sb 0 68 around 9 and 11 THz, respectively. 13 In group B, now with thickness larger than the exciton Bohr radius, three frequency peaks were revealed; The TO-phonon-like L − (plasmon-like L + was centered near 6.5 THz (28 THz), while the LO-phonon was observed near 7.2 THz which matches well with the case of strain-free bulk samples. 11 Another notable feature in Figure 3(b) was that the LO phonon component survived in longer time scale compared to the L − and L + mode. From the exponential decay fittings in wavelet spectra, the decay times of the L − mode in Group B were estimated to be from 370 to 540 fs, slightly shorter than those of LO phonons from 1.0 to 1.7 ps. The decay times of the L + mode were much shorter to be from 60 to 85 fs, compared to the other two modes. The much faster decay time of L + could be originated from the inherent electron-electron scattering of plasmon mode, in contrast to the other modes dominated by phonons. Therefore, the experimentally acquired decay times taken from the L + mode in Group B correspond to the momentum relaxation time (∼ 100 fs) of the plasmons at 800 nm. In a simplified picture ignoring the non-parabolic band structures and the inter-valley scatterings which is inherent in the narrow-gap semiconductors, the electron-electron scattering time is further associated with diffusion properties via the Einstein relationship, D = · kT /q = q /m * · kT /q, where D is the diffusion coefficient, denotes the carrier mobility, k is Boltzmann's constant, T is the absolute temperature, and q is the electrical charge of a particle.
RESULTS AND DISCUSSION
14 On the other hand, the empirical decay times in the L − and the LO phonon modes are not associated with , thus, couldn't be directly related to the carrier diffusion phenomena. Figure 4 traced the frequency peaks of three modes in the different samples. In Group A with thin InAs layers, the LO phonon frequencies slight deviated from strainfree bulk values with the LOPC modes being absent. In Group B, on the other hand, the apparent features of the L + and L − modes showed that frequencies were increased with thicker InAs layers and thus with larger diffusion regions. Conventionally the increasing tendency of frequency values of the L + and L − modes has been extensive studied both theoretically 15 and experimentally. 11 However, the increasing frequency behavior in Figure 4 , even with the constant photo-excited carrier density with negligibly small doping density, is not fully understood yet although the larger diffusion coefficients with thicker samples could intuitively imply more efficient electronic diffusion which was further confirmed from the increasing amplitude of THz waves with thickness and band diagram simulation (not shown here). 16 On the other hand, LO phonon frequencies didn't change as a function of thickness in Group B.
CONCLUSION
We have investigated the salient features of the LOPC modes as a function of InAs thickness. Only in a thickness regime where the length scale is larger than the exciton Bohr radius, the LOPC modes were observed with slight spectral shift. Much shorter decay time of plasmon-like 
